Betaine, an important methyl donor, is known to execute epigenetic regulation of gene expression via nutritional reprogramming. Herein, we explore whether feeding a betaine-supplemented diet to laying hens would affect corticosteroid biosynthesis in the adrenal gland and corticosterone deposition in eggs, in correlation with the expression of methyl transfer enzymes and the promoter DNA methylation status of affected genes. Rugao yellow-feathered laying hens at 38 weeks of age were assigned to Control and Betaine groups, fed basal and betaine-supplemented diets, respectively, for four weeks. Betaine supplementation significantly increased (P < 0.05) the average laying rate, while the body weight and egg quality remained unchanged. Plasma concentrations of cholesterol and low-density lipoprotein-cholesterol were also higher (P < 0.05) in the Betaine group. Moreover, eggs in the Betaine group contained higher corticosterone in the yolk, which was associated with up-regulation of steroidogenesis genes in adrenal glands. Steroidogenic acute regulatory protein (StAR), the rate-limiting protein responsible for transporting cholesterol to the inner mitochondrial membrane, was significantly activated (P < 0.05), together with its transcription factors steroidogenic factor-1 (SF-1) and glucocorticoid receptor. Also, betaine supplementation significantly upregulated (P < 0.05) the adrenal mRNA expression of adenosyl homocysteinase-like 1 and DNA methyltransferases1 and 3a. Bisulfite sequencing analysis revealed significant hypomethylation in several CpG sites within the promoter region of SF-1 gene in the adrenal gland. These results indicate that dietary supplementation of betaine in hens activates adrenal expression of StAR, possibly through epigenetic regulation of SF-1 gene.
INTRODUCTION
Betaine is a trimethyl derivative of glycine and has methyl donor properties for remethylation of homocysteine to methionine (Lever and Slow, 2010) . It has been used as a feed additive for livestock animals (Cholewa et al., 2014) . Betaine has been shown to enhance growth performance, feed conversion rate (Honarbakhsh et al., 2007) , and carcass characteristics in broiler chickens (Zhan et al., 2006) , and to promote lean mass and reduce fat deposition in pigs (Fernández-Fígares et al., 2002) . However, the efficacy of betaine on laying hens is inconsistent. Some reported that betaine has no effect 4389 on body weight (Harms and Russell, 2002) , while others reported that betaine increases laying rate and egg weight (Park et al., 2006; Gudev et al., 2011a) . Also, betaine supplementation was reported to have a positive effect on egg production in hens subjected to high air ammonia stress (Gudev et al., 2011b) .
Laying hens are subjected to various stressors (Nicol et al., 2006) , and the hypothalamus-pituitary-adrenal (HPA) axis is the primary regulatory system in the body responsible for basal maintenance and stresscoping activities (Haussmann et al., 2012) . Adrenal glands produce glucocorticoids, cortisol, or corticosterone (CORT), as the final hormonal effector of the HPA axis, under both basal and stressed situations (Kim et al., 2015) . Elevation of the plasma CORT level is often used as a measure of stress response in chickens (Davami et al., 1987) . It has been shown that betaine can reduce exercise-induced plasma cortisol rise in trained athletes (Apicella et al., 2013) . Also, maternal betaine supplementation reduced plasma cortisol level in neonatal offspring piglets (Cai et al., 2016 ). Furthermore, plasma betaine level was found to be negatively correlated with the plasma cortisol concentration in healthy humans (Lever et al., 2012) . In chickens, in ovo betaine administration prevented the rise of plasma corticosterone level in response to exogenous CORT challenge (Hu et al., 2017) . However, plasma CORT concentration could be affected by many non-experimental factors, such as periodicity patterns and handling/sampling-induced stress (Downing and Bryden, 2008) . CORT deposited in the egg can overcome these problems and serve as a more reliable indicator of chronic stress in laying hens (Downing and Bryden, 2002) . Nonetheless, the impacts of betaine on CORT deposition in chicken eggs remain enigmatic.
The amount of CORT deposited in the egg yolk reflects the adrenal steroidogenic activity in general (Saino et al., 2005; Okuliarová et al., 2010) . Adrenal steroidogenesis starts from shuttling cholesterol to the inner mitochondrial membrane by steroidogenic acute regulatory protein (StAR), a rate-limiting molecule in steroid hormone biosynthesis (Stocco and Clark, 1996) . This protein is expressed in the steroidogenic cells of the adrenal cortex, testis, and ovary (Clark and Combs, 1999 ), yet studies on the adrenal expression of StAR in the chicken are scarce. A recent study compared the adrenal expression of steroidogenic genes between White Leghorn and Red Jungle Fowl and found that White Leghorn chickens demonstrated higher StAR upregulation in response to stress compared to Red Jungle Fowl (Fallahsharoudi et al., 2015) . Steroidogenic factor-1 (SF-1) is one of the most important transcription factors for the transactivation of StAR gene in mammals (Sewer and Waterman, 2001 ). However, data are lacking concerning the adrenal expression of SF-1 and its relation with StAR in the chicken, and it remains unknown whether and how betaine supplementation affects the adrenal expression of steroidogenic genes. Betaine supplies the methionine cycle with chemically reactive methyl groups, which are essential for epigenetic gene regulation through DNA methylation and histone modifications (Lever and Slow, 2010; Anderson et al., 2012) . As shown in Figure 1A , adenosylhomocysteine-like 1 (AHCYL1) catalyzes the reaction from methionine to the universal methyl donor S-adenosylmethionine (SAM). DNA methyltransferases (DNMTs) then shuttle the methyl group in the SAM to cytosine on DNA. The methylation status of gene promoters is critical for the regulation of gene expression (Moore et al., 2013) . Previous studies demonstrated that betaine regulates hepatic cholesterol metabolism in chickens and piglets through epigenetic modifications (Cai et al., 2014; Hu et al., 2015) . Recently, we reported that in ovo injection of betaine significantly increased the expression of betaine-homocysteine methyltransferase (BHMT) and DNMT1 in the chicken hypothalamus . However, it remains unknown whether dietary betaine supplementation affects methyl transfer genes and CpG methylation on gene promoters in the adrenal gland of laying hens.
Therefore, the present study was aimed to investigate the potential effects of feeding betaine to laying hens on egg yolk deposition of corticosterone and adrenal expression of corticosteroid biosynthetic genes, in correlation with methyl transfer gene expression and DNA methylation on the promoter of affected genes.
MATERIALS AND METHODS

Ethics Statement
The Animal Ethics Committee of Nanjing Agricultural University approved the experimental protocol, with the project number 31,672,512. The sampling procedures complied with the "Guidelines on Ethical Treatment of Experimental Animals" (2006) No. 398 set by the Ministry of Science and Technology, China.
Animals and Treatment
One hundred and twenty Rugao yellow-feathered laying hens obtained from the Poultry Institute of Yangzhou, Jiangsu, and China were randomly divided into Control and Betaine groups at 38 weeks of age. Each group contains 60 hens in 20 replicates/cages (3 hens per cage). Hens were fed either basal (Control) or betaine-supplemented (Betaine) diet for 28 days. Betaine hydrochloride (75% purity; SKYSTONE FEED CO., LTD, Jiangsu, China) was added to the basal diet at the level of 0.5%. Initial body weight, as well as the laying performance and the egg quality parameters, were recorded. By the end of the dietary treatment, hens in the same group were mixed, and 12 hens of the average body weight were selected from each group for sampling and further analysis. Hens were weighed and killed by rapid decapitation. Adrenal glands were dissected and rapidly frozen in liquid nitrogen and stored at −80
• C for further analysis. Eggs laid on the last day (28th) of the dietary treatment were collected, and 12 eggs from each group were randomly selected. The yolk was separated, homogenized, and stored frozen at −80
• C until extraction for corticosterone and total cholesterol measurements. Blood samples were taken, and plasma was separated and stored at −20
• C.
Determination of Plasma Biochemical Parameters
The plasma concentrations of total cholesterol (ECH0103152) and triglyceride (ECH0105151), total protein (ECH0103001), glucose (ECH0105102), high density lipoprotein cholesterol (ECH0105161), low density lipoprotein cholesterol (ECH0105162), alanine aminotransferase (ECH0105201), and aspartate aminotransferase (ECH0105202) were measured with an automatic biochemical analyzer (Beckman coulter, AU2700) using commercial kits purchased from Maccura Biology Co., Ltd. (Chengdu, China). For total cholesterol triglyceride, 3 μL samples were used and the intra-assay CV of less than 3.0%. For triglyceride, 2 μL samples were used and the intra-assay CV of less than 4.1%. For total protein, 6 μL samples were used and the intraassay CV was less than 2.8%. For glucose, 2 μL samples were used and the intra-assay CV was less than 3.7%. For high density lipoprotein cholesterol and lowdensity lipoprotein cholesterol, 2 μL samples were used, and the intra-assay CVs were less than 4.0% and 3.0%, respectively. For alanine aminotransferase and aspartate aminotransferase, 8 μL samples were used, and the intra-assay CVs were less than 7.3% and 5.1%, respectively.
Determination of Adrenal Content of Cholesterol
Cholesterol in the adrenal gland was measured by using commercial cholesterol assay kits (E1015) purchased from Applygen Technologies Inc., China. Briefly, approximately 15 mg of ground adrenal gland sample was homogenized in 150 μL ice-cold RIPA buffer (18 mmol/L Tris, pH 7.5, 300 mmol/L mannitol, 50 mmol/L EDTA, and 0.1 mmol/L PMSF) with a Polytron homogenizer (PT1200E, Brinkman Instruments, Littau, Switzerland). Ten microliters of the homogenate were used in the assay with an automatic biochemical analyzer (Beckman coulter, AU2700). This kit was previously validated for detecting cholesterol contents in chicken liver .
Egg Yolk Extraction and Corticosterone Assay
The yolk was separated manually and frozen at −80
• C until extraction. For extraction, 0.15 g of the homogenized egg yolk was diluted in 600 μL of distilled water, vortexed for 30 s and frozen overnight. Next day, 3 mL of 100% methanol was added; the mixture was shaken for 30 min and frozen overnight. After centrifugation, 1 mL of the supernatant was evaporated under a stream of nitrogen and then resuspended in 500 μL of assay buffer. Corticosterone concentration was determined in duplicate with a commercial Enzyme Immunoassay (EIA) kit (No. ADI-900-097, Enzo, Farmingdale, NY, USA) following the procedure described previously (Okuliarová et al., 2010) . The detection limit of the kit was 26.99 pg/mL. The intra-assay coefficient of variation was 8%. The cross-reactivity of the antibody was 100% with corticosterone, 28.8% with deoxycorticosterone, 1.7% with progesterone, 0.28% with tetrahydrocorticosterone, 0.18% with aldosterone, 0.046% with cortisol, 0.03% with pregnenolone, <0.03% with β-estradiol, cortisone, and 11-dehydrocorticosterone acetate. Recovery from the extraction was 98.7% for corticosterone
Plasma Corticosterone Assay
Plasma CORT concentration was measured using a commercial EIA kit (No. ADI-900-097, Enzo) according to the instructions of the manufacturer.
Total RNA Isolation and Real-time PCR
Total RNA was isolated from 20 mg adrenal samples using 1 mL of TRIzol reagent (Invitrogen, Waltham, USA). Two micrograms of total RNA was treated with RNase-free DNase and reverse-transcribed to cDNA using the random hexamer primers (Promega, Madison, USA). Two microliters of diluted cDNA (1:25, vol/vol) were used for real-time PCR which was performed with a Mx3000P Real-Time PCR System (Stratagene, La Jolla, USA). The technical variations were normalized using GAPDH and beta-actin that are not affected by the experimental factor (Betaine). Samples were run in duplicate. Primers for real-time PCR were synthesized by Genewiz (Suzhou, China). Data were analyzed using the method of 2 − CT (Livak and Schmittgen, 2001 ) and the results were presented as the fold change relative to that of the Control group.
Bisulfite Sequencing Analysis of Promoter CpG Methylation
Chicken adrenal genomic DNA was isolated by phenol/chloroform method. The 260/280 absorbance ratio of the genomic DNA was between 1.8∼2. Bisulfite conversion of 1 μg genomic DNA was performed with the EZ DNA Methylation-GOLD Kit (Zymo Research, Irvine, USA) according to the manufacturer's protocol. Sodium bisulfite preferentially deaminates unmethylated cytosine residues to thymines, whereas methylcytosines remain unmodified. Bisulfite conversion efficiencies were confirmed as >99.18% by examination of cytosine to thymine conversion for cytosines, not in CpG motifs. CpG islands within the promoter regions of StAR and SF1 genes were respectively identified with Methyl Primer Express Software v1.0 according to the following criteria: 1) 300 bp minimum length; 2) >50% CG content; 3) >0.60 observed/expected the ratio of CpG dinucleotides. Two regions of CpG islands of StAR gene and one region from that of SF-1 gene were amplified. Genesky Biotechnologies Inc., Shanghai, China was contracted to design the primers (Table 1) and conduct the bisulfite sequencing analysis including PCR amplification, library construction, sequencing, and data analysis. After PCR amplification (HotStar Taq polymerase kit, TAKARA, Tokyo, Japan) of target CpG regions, library construction was conducted by using Nextera XT library preparation technology according to manufacturer's protocol (Illumina, San Diego, USA) and the products were sequenced on Illumina MiSeq Benchtop Sequencer (San Diego, USA). FASTQ files were generated per sample, per read. The Phred quality score was higher than Q30. FASTQ sequences were aligned to in silico-converted reference sequences of the chicken genome, by the method of bisulfite amplicon sequencing (Masser et al., 2013) . All samples achieved a mean coverage of >600×. Each tested CpG site was numbered according to its relative distance from translation start codon (ATG). Methylation level at each CpG site was calculated as the percentage of the methylated cytosines over the total tested cytosines. The average methylation level was calculated using methylation levels of all measured CpG sites within the gene fragment.
Statistical Analysis
The results are presented as means ± SEM. Comparisons were performed using independent-samples Student t-Test with SPSS18.0 for windows. For bisulfite sequencing analysis, chi-square test was used to examine differences in haplotype and methylation status. The differences were considered statistically significant when P < 0.05.
RESULTS
Laying Performance
Dietary betaine administration had no significant effects on body weight or egg quality parameters such as egg weight, yolk weight, egg length, and shell strength (Table 2) . However, the average egg-laying rate was Value are means ± S.E.M. BW, body weight (n for the body weigh = 60; n for all egg quality parameters (n = 20). Value are means ± S.E.M. Tch, total cholesterol, TG, triglyceride.; TP, total protein; GLU, glucose; HDL-C high-density lipoprotein; LDL-C, low-density lipoprotein-cholesterol; ALT, alanine aminotransferase; AST, Aspartate Aminotransferase (n for Control is 11 because one sample of the Control group was eliminated for technical problem).
significantly higher (P < 0.05) in the betaine-treated group compared to the Control group (Table 2) .
Plasma Biochemical Parameters
As shown in Table 3 , total cholesterol and triglyceride concentrations were significantly higher (P < 0.05) in the betaine-treated group. Also, dietary betaine supplementation significantly increased (P < 0.05) the plasma concentration of low-density lipoproteincholesterol (LDL-C) and alanine aminotransferase (ALT), whereas that of total protein (TP), glucose (GLU), alanine aminotransferase (AST), and high-density-lipoprotein-cholesterol (HDL-C) were not affected.
Egg CORT and Adrenal Cholesterol Content
Laying hens fed betaine-supplemented diet deposited significantly higher (P < 0.05) CORT in the yolk (Figure 2A) , without altering the plasma CORT ( Figure 2B ) or the egg content of total cholesterol ( Figure 2C ). However, the adrenal content of total cholesterol was significantly (P < 0.05) decreased in betaine-treated hens ( Figure 2D ).
Adrenal Expression of Steroidogenesis-related Genes
Feeding laying hens with betaine-supplemented diet significantly (P < 0.05) up-regulated the mRNA expression of StAR, as well as its transcription factors SF-1 and glucocorticoid receptor (GR), in adrenal glands ( Figure 3A ).
Adrenal Expression of Methionine Metabolic Genes
The mRNA abundances of methionine metabolic genes, AHCYL, DNMT1, and DNMT3a, were significantly (P < 0.05) greater in the Betaine group when compared with Control, while BHMT, methionine adenosyltransferase (MAT2B), and glycine N-methyltransferase (GNMT1) remained unchanged ( Figure 3B ).
CpG Methylation of StAR and SF-1 Gene Promoters
BSP analysis of the genomic DNA isolated from adrenal glands revealed a modulation of the CpG methylation status on StAR and SF-1 gene promoters in betaine-supplemented hens.
For StAR gene promoter, 2 regions of CpG islands were analyzed ( Figure 4A ). Fragment 1 spans from −2,318 to −2,087 upstream of the translation start codon ATG, containing 12 CpG sites, while fragment 2 spans from −2,554 to −2,290, which contains 16 CpG sites. The top 5 haplotypes of high frequency are shown for fragment 1 ( Figure 4B ) and fragment 2 ( Figure 4C ) of StAR gene promoter. The comparison of haplotype frequency between Control and Betaine groups is presented in bar graphs ( Figure 4D for fragment 1 and Figure 4E for fragment 2). The frequency of haplotypes 3 and 4 for fragment 1 and haplotypes 1 and 5 for fragment 2 was significantly lower (P < 0.05), while haplotypes 3 for fragment 2 was significantly higher (P < 0.05) in the Betaine group. Several CpG sites on both fragments of StAR gene promoter were detected to be differently methylated between Betaine and Control group, yet the differences were not consistent ( Figure 4F for fragment 1 and Figure 4G for fragment 2). Some sites were hypomethylated, while others were hypermethylated, in the Betaine group compared to the Control counterparts. For SF-1 gene promoter, 1 fragment was analyzed ( Figure 5A ). This fragment spans from −3,935 to −3,699 upstream of the translation start codon ATG, containing 21 CpG sites. The top 5 haplotypes of high frequency for SF-1 gene promoter are shown in Figure 5B . The comparison of haplotype frequency between Control and Betaine groups is presented in the bar graph ( Figure 5C ). The frequency of haplotypes 2, 4, and 5 was significantly lower (P < 0.05) in the Betaine group. Fourteen out of 21 CpG sites detected on SF-1 gene promoter were hypomethylated (P < 0.05) in the Betaine group ( Figure 5D ).
DISCUSSION
In the present study, we found that dietary betaine supplementation significantly increased laying performance, which was consistent with previous publications (Groothuis et al., 2005 and Park, Kang, and Ryu, 2006) . Also, we found that plasma CORT concentration was slightly decreased without a significant difference, while yolk CORT concentration was significantly increased. CORT is a stress hormone that produces through the HPA axis (Siegel, 1995) . In this study, betaine supplementation significantly increased the concentrations of plasma ALT and TG, which are associated with stress and indicate hepatic damage and fat mobilization. Furthermore, higher CORT accumulates into the yolk during the rapid yolk deposition phase of follicular development (Okuliarová et al., 2010) , and CORT content in egg yolk can be used as a long-term measure of CORT production in hens (Navara and Pinson, 2010) . It is likely that betaine supplementation may cause stress by enhancing adrenal glucocorticoids biosynthesis in laying hens, which increase laying eggs to alleviate stress through transferring CORT into eggs. The results indicated that betaine exerts adverse effects in laying hens, which was opposite with mammals (Apicella et al., 2013; Cai et al., 2016 and Lever et al., 2012) . Maybe betaine has different effects between species, and further studies are needed to explain the differences. In this study, we found that betaine significantly increased StAR mRNA expression in the adrenal tissue. This finding corroborates previous observations that adrenocorticotrophic hormone (ACTH) treatment significantly increases StAR mRNA expression in adrenal glands of rats (Lehoux et al., 1998) . It is reported that StAR expression was increased in domesticated compared with wild chicken (Fallahsharoudi et al., 2015) . Analysis of the StAR promoter region in the rat, mouse, and human has uncovered the existence of multiple SF-1 binding sites (Sandhoff and McLean, 1999) . Unfortunately, due to limited sample size, we were not able to examine the protein content of SF1 and GR, as well as binding to their respective regulatory sites on StAR gene promoter. Based on the coincidence of StAR up-regulation with higher mRNA abundance of SF1 and GR, we speculate that SF1 and GR may be involved in betaine-induced transactivation of StAR gene in adrenal glands of laying hens.
In this study, dietary betaine supplementation significantly enhanced methyl transfer genes, including AHCYL1, DNMT1, and DNMT3a, at mRNA levels in the adrenal gland of laying hens. Our results support the previous studies that betaine supplementation significantly up-regulated DNMT1 and DNMT3a in the hippocampus of neonatal piglets and DNMT1 in the hypothalamus of chicks . To our knowledge, our data provide the first evidence that betaine supplementation affects methyltransferases expression in adrenal glands of laying hens.
The biological activities of betaine are presumed to be attributable to its methyl groups. It is noted that DNA methylation machinery responds to methyl donor availability in a complex fashion (Kovacheva et al., 2007 ). Here we demonstrate that 14 out of 21 CpG sites and 3 of the most enriched 5 haplotypes in the detected fragment of the SF-1 promoter were hypomethylated in betaine-supplemented hens, which is reversely linked to the transcriptional activation of SF-1 gene, in adrenal glands. It is surprising that enhanced mRNA expression of DNMT1 and DNMT3a coincided with lower methylation level on the SF-1 promoter, yet formal reports in pigs and rat fed betaine showed the same pattern (Cordero et al., 2013; Cai et al., 2014) . However, it is noted that gene locus-specific CpG methylation and 1 of the most enriched 5 haplotypes in the fragment 1 of StAR promoter does not always match the whole genome or global DNA methylation level. Promoter DNA methylation has been shown to inhibit SF-1 gene expression (Xue et al., 2007) . Therefore, we presume that promoter CpG hypomethylation contributes to transactivation of SF-1 gene in the adrenal glands of laying hens.
In conclusion, dietary supplementation of betaine increases the laying rate and CORT deposition in the egg yolk, which is associated with activation of adrenal StAR expression. The mechanisms underlying such effects may involve betaine-induced alterations in methyltransferase gene expression and CpG methylation on SF-1 gene promoter. Hypomethylation of SF-1 gene promoter contributes to SF-1 gene transactivation, and SF-1 then serves as a transcription factor to activate StAR expression and thus CORT production. Obviously, more in-depth investigations are needed to reveal the signal pathway and molecular mechanisms of betaine as a bioactive feed additive in laying hens.
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